Abstract
INTRODUCTION
Iron is an essential and the most abundant trace element for human physiology. It is required not only for erythropoiesis and oxygen transport, but also for enzymatic functions [1, 2] . Human body contains 50 mg iron per kg body weight. The daily intestinal (duodenal) iron uptake is 1-2 mg, which compensates for the iron loss by sloughing off of intestinal and epidermal cells. In fact, 65% of the iron is bound to hemoglobin (2300 mg), and most of the non-hemoglobin iron is stored in the liver [1, [3] [4] [5] . Hepatocytes are responsible for the uptake of ionic iron, which reaches the portal blood from the intestine, and is transported to the liver as transferrin-iron [1, 3, 6] . A small amount of iron is also taken up by Kupffer cells, which have the important function of clearing aged erythrocytes [2, 5, 7] . In normal plasma, transferrin iron-binding sites are saturated to about one third. The remaining iron-binding capacity serves as a buffer for conditions where iron concentrations increase acutely, which may induce tissue damage due to iron toxicity [8] [9] [10] .
The hepatocytes capture about 80% of transferrinbound iron through caging receptors, made up of the ferritin (FT) subunits ferritin heavy chain (FTH) and ferritin light chain (FTL) [6, 8, [11] [12] [13] . However, in contrast to other cells, hepatocytes not only synthesize FTL as a component of the iron cage, but also as a secreted serum protein [14] . As serum ferritin is reported to be exclusively FTL, and not FTH [14, 15] , its synthesis and secretion in the liver is differentially regulated [16] , mainly at post-transcriptional levels [12] . In all tissues, iron is the main stimulus for FTL gene expression. An increase in synthesis and secretion of FTL has been demonstrated in the liver in a model of acute-phase response [14, 17] , and in hepatocytes in vitro by different acute-phase cytokines including interleukin-6 (IL-6) [14] . Cytokines are known to be responsible for dramatic changes of hepatic protein synthesis, including upregulation of hepcidin [17] , lactoferrin [18] , and lipocalin-2 [19] . These low molecular weight proteins are involved in the control of iron metabolism, as a reaction to extrahepatic tissue damage.
Experimentally, the generation of a systemic acutephase reaction, by means of turpentine oil-induced sterile intramuscular abscesses, was shown to be accompanied by elevated hepatic iron concentrations. This was attributed to increased iron-uptake into hepatocytes [20] , which could also be observed in vitro [15] . Similarly, increased hepatic iron storage, in addition to elevated serum cytokine levels, has been reported in human liver diseases caused by viruses, alcohol consumption or overweight [21, 22] . These alterations were shown to be reversible after elimination of the noxae, as is the case after successful treatment of hepatitis C [23, 24] . An increased absorption of dietary-iron in the intestine has been postulated to cause NAFLD/NASH in humans [25] , however, the mechanisms underlying the increase of the iron deposition in the liver during acutephase reaction are still poorly understood.
Here, we have studied changes in the expression of FTH and FTL, various acute-phase cytokines, as well as iron concentrations in liver and spleen after intraperitoneal administration of thioacetamide (TAA), in parallel with serological markers for liver damage and repair. We provide evidence for the hypothesis that the increase of liver iron concentrations may be rather the consequence than the cause of hepatocyte damage.
MATERIALS AND METHODS
Materials and chemicals were bought from Merck (Darmstadt, Germany), Applichem (Darmstadt, Germany) and Sigma (Steinheim, Germany). Details for each chemical and material are noted in the appropriate sections.
Rat model of hepatic acute-phase reaction
Male Sprague-Dawley rats weighing 200-220 g were purchased from Charles River (Sulzfeld, Germany) and Harlan Winkelmann (Borchen, Germany). The animals were kept according to our institutional guidelines and the rules of the German Law for the Protection of Animals. The experiments were approved by the committee on animal protection of the University of Goettingen and the Lower Saxony State Office for Consumer Protection and Food Safety (Study no. 33.9-42502-04-13/1086).
The rats were divided into a control group (n = 12) and an experiment group (n = 32). Five animals were kept per cage following a 12:12-hour (h) light-dark cycle. They had unrestricted access to food and water. An intraperitoneal (ip) injection of thioacetamide (TAA) (prepared freshly, dissolved in sterile NaCl) with a dose of 500 mg/kg body weight was given to each rat as described before [26] . Control rats were injected with the same volume of NaCl. Rats were sacrificed after 1, 3, 6, 12, 24, 48, 72, and 96 h under pentobarbital anesthesia. Serum, liver and spleen were snap frozen in liquid nitrogen and stored at -80 ℃.
Measurement of liver enzymes in serum
Blood samples from the inferior vena cava were collected from control and experimental rats after 1, 3, 6, 12, 24, 48, 72, and 96 h. Serum was used for the determination of alkaline phosphatase with a standard p-nitrophenolphosphate photometric assay (Roche, Mannheim, Germany). Aspartate aminotransferase (AST) and alanine aminotransferase (ALT) activities were measured by using analysis kits (DiaSys, Karben, Germany) according to the manufacturer's instructions.
Histopathology
Histopathology was performed on 5 µm acetone-fixed cryostat sections (Reichert Jung, Wetzlar, Germany) as described previously [20, 27] . Briefly, the cryostat sections were washed with phosphate-buffered saline (PBS), and stained with hematoxylin for 5 minutes. Thereafter, tissues were stained with 1% eosin followed by short washing with 100% alcohol. Tissues were then transferred into xylol and mounted.
Measurement of serum and tissue iron levels
Serum and tissue iron levels were measured with a colorimetric ferrozine-based assay [28] following the company's protocol, through facility service provided by the University Medical School, Goettingen. The hepatic tissue iron concentrations were measured from liver homogenates, which were prepared as described earlier [20] .
Prussian blue iron staining of liver and spleen
5 µm thick air-dried cryostat sections (Reichert Jung, Wetzlar, Germany) were stained for iron using the Prussian blue method. Fixation was performed by incubating the slides in ice-cold methanol (-20 ℃) for 10 min, and ice-cold acetone (-20 ℃) for 10 s. The sections were stained for iron by using iron-stain kit from Sigma-Aldrich (Munich, Germany), according to the manufacturer's instructions.
RNA isolation from liver tissue and real-time PCR
RNA was isolated from all control and TAA-treated rat livers as described previously [17] . Briefly, mRNA was converted into cDNA with Superscript kit (Invitrogen, CA). ABI Prism Sequence Detection System 7000 (Applied Biosystems, Foster City, CA) was used for real-time PCR. The primers used in this study are presented in Table 1 . They were synthesized by Invitrogen. Ubiquitin C (UBC) served as housekeeping gene, and was used to normalize the values of the genes of interest. The normalized values for TAAtreated rats were compared with saline-treated controls, and the relative expression was plotted against the observation time. The results represent at least three experiments performed as duplicates.
Western blot analysis of liver tissue and serum proteins
Serum and total liver protein from all control and TAAtreated rats (time points: 1, 3, 6, 12, 24, 48, 72, 96 incubated with peroxidase-conjugated anti-rabbit/ anti-mouse IgG (Dako, Hamburg, Germany), preabsorbed with normal rat serum to minimize crossreactivities. Peroxidase reaction was performed with 3,3'-diaminobenzidine (0.5 mg/mL) and H2O2 (0.01%) for 10 min. Meyer's hemalaun solution was used for counter-staining.
Statistical analyses
Student's t test and One-way ANOVA with Dennett' s post-test were performed using Graph Pad Prism version 4.00 for Windows (Graph Pad Software, San Diego, CA, www.graphpad.com). Experimental errors are shown as SEM. Statistical significance was accepted at:
RESULTS

Measurement of liver damage in TAA-treated animals
Liver damage was analyzed by measuring the amount of circulating liver enzymes at various times after TAA injection. The serum levels of aspartate aminotransferase (AST) reached to their peak (8301 ± 1007 U/L) after 48 h of TAA injection with a statistical significant of P = 0.001. Similarly, compared to controls (54 ± 1.4 U/L), serum activity of alanine aminotransferase (ALT) was significantly elevated with a maximum at 48 h (1389 ± 121 U/L; P < 0.001) ( Figure  1 A and B). Correspondingly, in liver tissue sections of TAA-injected animals we have previously observed immigration of inflammatory cells over time, staring in portal areas and extending into pericentral areas, reaching a maximal infiltration at 48 h, and declining thereafter until complete disappearance at 96 h [26] .
Changes in hepatic gene expression of major acutephase cytokines
The changes in mRNA levels of major acute-phase cytokines (APC) were measured by qPCR in TAAtreated rats at different time points compared to controls. An early up-regulation of the expression of several APCs was observed ( Figure 2 ). IFN-γ started to increase first. A significant induction was observed after 1h, and a maximum (13.7 ± 2.64 -fold) after 12 h) was used for Western blot analysis as described before [20] . Shortly, for total liver protein isolation, hepatic tissue probes were lysed in RIPA buffer (25 mM Tris-HCl pH 7.6, 150 mmol/L NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS). The Bradford method was used to measure protein concentrations. 50 µg of protein either from tissue or serum samples were used in sodium dodecyl sulfate polyacrylamide gel electrophoresis (NuPAGE, Novex 4%-12%, BisTris gel, Invitrogen), under reducing conditions. Then, proteins were transferred to nitrocellulose membranes, and Western blot analysis was performed with antibodies listed in Table 2 . Immunodetection was performed according to the ECL Western blotting protocol (Amersham, GE Healthcare, United States).
Immunohistochemistry of liver tissue
5 µm hepatic cryostat sections (Reichert Jung, Wetzlar, Germany) from control and TAA-injected animals were used for immunodetection of FTL and FTH as described before [27] . Table 2 ). Negative controls were performed with isotype-specific IgGs. Next day, sections were washed with PBS, and h of TAA-administration. The levels of IFN-γ decreased thereafter, and turned to normal after 24 h. We also measured a significant induction of the expression of IL-1β with a maximum (41 ± 2.2 -fold) after 12 h. Thereafter, levels decreased but remained significantly elevated throughout the course of the study (until 96 h). Upregulation of both IL-6 and TNF-α started later (6 h) and reached a maximum after 24 h with an increase of 55 ± 2.1 and 69 ± 5 -fold, respectively. Expression decreased thereafter ( Figure 2 ). 
Measurement of serum, hepatic and splenic iron levels
Compared to control serum iron levels (1.7 ± 0.03 mg/L), a slight but non-significant decrease (1.4 ± 0.1 mg/L) was observed shortly (1 h) after TAA injection. Values remained below controls until 6 h. Thereafter, serum iron level started to increase (2.4 ± 0.04 mg/L at 12h after TAA injection), reached a maximum after 24 h (3.97 ± 0.2 mg/L; P = 0.0010), and remained significantly elevated until 48 h. Then, serum iron decreased and returned to control levels at 72 -96 h ( Figure 3A ). Compared to control animals (15.2 ± 0.9 mg/g), hepatic iron concentrations started to increase immediately (1 h) after TAA-administration, and progressively increased throughout the course of the study. The most prominent elevation (38 ± 3.1 mg/g; P = 0.030) was measured during 48 -96 h after TAA injection ( Figure 3A) . In contrast, splenic iron showed a tendency to decrease 1 h after TAA administration, and compared to control levels of 15 ± 1 mg/g, a mild decrease was observed during most of the investigated time points (3 -24 h). Splenic iron concentrations reached normal levels after 48 -72 h, which was followed by a mild but significant increase (23 ± 1 mg/g) at 96 h after TAA injection ( Figure 3A) .
Prussian blue staining of hepatic and splenic tissue
After having measured a significant increase in iron concentration in liver homogenates, we sought to detect iron in liver cells by histological staining methods. However, the applied method did not consistently detect iron in the specimens, obviously due to insufficient sensitivity. We could only detect iron in a few nucleated cells 72 h after TAA-administration in liver ( Figure 3B ), but never in spleen.
Changes in hepatic and serum levels of FTL and FTH
Our qRT-PCR analysis of total liver RNA showed a mild increase of mRNA expression of the iron storage protein FTH after 3 h -48 h of TAA-injection, and a significant increase after 72 h (4.9 ± 2.6 -fold; P ≤ 0.01) ( Figure 4A ). Additionally, a significant increase of the expression of FTL was noted after 48 h (7.8 ± 3.18 -fold; P ≤ 0.001) ( Figure 4A ).
Western blot analysis of total protein from hepatic tissue lysates demonstrated an almost constant increase in the content of FTL and FTH beginning early (3 h -6 h after TAA-injection), reaching a maximum Figure 3 Measurement of serum, hepatic and splenic iron levels. A: Serum, liver and spleen iron levels at various time points after TAA injection in rats, as compared to controls (Co.). A mild decrease in serum iron levels was followed by a significant ( c P ≤ 0.001) increase at 24 h and 48 h after TAA injection. Liver iron levels showed a significant ( b P ≤ 0.01; c P ≤ 0.001) increase almost throughout the whole course of the study (a clear tendency is seen already after 1 h and 3 h). at 72 h and 96 h, respectively ( Figure 4B ). Thereby, hepatic expression of FTL was more abundant compared to FTH ( Figure 4B ). Such quantitative difference became even more clearly visible in sera from control and TAA-treated animals ( Figure 4C ). Western blots revealed expression of FTL, but not FTH, in control animals. Thereby, FTL increased progressively after TAA injection with a maximum level at 96 h, whereas FTH became positive only at 24 h and 48 h after TAA injection ( Figure 4C ). These data clearly show differential regulation and release of FTH and FTL in damaged liver.
Immunolocalization of FTL and FTH in liver of control and TAA-injected animals
Immunohistochemical analysis of normal liver revealed weak granular FTL positivity mainly in the cytoplasm of hepatic cells. Immunoreactivity strongly increased in non-damaged liver areas after 48 h in TAA-treated rats. An intense signal was still visible at 72 h ( Figure  5 ), although at this time point liver recovery has started to take place (Figure 1 ). Immunostaining for FTH in liver tissue revealed a weak and almost homogenous staining pattern in control rats, and positivity in specific areas was found to increase most strongly at 48 h after TAA injection ( Figure 6 ). Thereby, the regions of strongest staining obviously correlate to the pattern of inflammatory cells that invade the liver after TAA administration.
DISCUSSION
In animals, biochemical and histological effects of TAAinduced liver damage have been widely studied, and are highly similar to human acute liver damage [29] . However, the iron metabolism in the liver during acute-phase reaction is still poorly understood. In the present study, we administered TAA to rats using single intraperitoneal injection to induce reversible liver damage. The success of the method was confirmed by measurements of circulating hepatic enzymes (AST, ALT), and the typical pattern of inflammatory cells invading the liver from portal to central fields. Serum levels of AST and ALT were found to be highest at 24 h and 48h after TAA injection, and decreased to baseline levels at 72 h and 96 h, indicating liver damage followed by recovery. Previous studies have demonstrated similar results when TAA was administered in rats 
Negative control
Control 48 h 72 h intravenously [30] or intraperitoneally [26] . Here we have also shown upregulation of hepatic gene expression of acute-phase cytokines (APCs) IFN-γ, IL-1β, IL6, and TNF-α; starting with IFN-γ after 1 h and IL-1β after 3 h of TAA injection. IL-6 and TNF-α expression increased after 6 h, when hepatic damage becomes overt in histological sections.
Increased serum iron levels may be attributed to damage of liver cells
In parallel with the early increase of IFN-γ and IL-1β expression, a mild decrease of the serum iron concentration, together with an increase of liver iron concentrations was detected. However, serum iron levels increased after 24 h and 48 h of TAA administration, corresponding to the peak levels of serum transaminases. Interestingly, in contrast to FTL, which increased almost constantly, FTH protein was only detectable in serum at these time points. We assume that the extensive damage of hepatocytes, demonstrated by the massive release of intracellular enzymes and of FTH into the serum may also be responsible for the increased serum iron levels after 24 h and 48 h of TAA injection.
The extremely high expression of APCs after 12 h -24 h may additionally have induced the increase of tissue iron concentrations, which is also supported by results obtained with intramuscular administration of turpentine oil [17, 31] . Hepatic iron accumulates in parallel to the increase of the two ferritin subtypes FTH and FTL. Both FTH and FTL have been reported to be intracellular proteins, and in fact, until recently the mature form of serum ferritin was unidentified, as it was its source. We recently identified FTL as the sole ferritin species in serum, and also demonstrated that it is a secreted acute-phase protein [14] . In contrast, FTH remains intracellularly located, despite its similar reactivity under acute-phase conditions. In fact, gene expression of both of the FT forms is modulated not only by iron itself, but also by acute-phase mediators [14, 15] . The increase in ferritin expression and production may be attributed to the increased uptake of iron, released from damaged liver cells, by healthy hepatocytes. The role of FTL appears to be more important in this case, because it does not only store increasing amounts of iron in the 'stressed' hepatocytes together with FTH, but is also secreted to transport iron in the serum. This phenomenon seems to be specific for liver and not for other organs.
Indeed, ferritin was discovered as a cytosolic iron storage protein [32] [33] [34] . However, the localization of ferritins within the cell is discussed controversially. Previously, we reported the nuclear localization of iron transport proteins including FTH in rat liver under normal and acute-phase conditions [20, 16] . In the same line of evidence, presence of nuclear FTH has been described in human astrocytoma cell-lines [35] , in corneal epithelial cells [36] , and in murine hepatocytes in iron overload settings [37] . Differential localization of FTH and FTL as well as quantitative differences are obviously related to their distinct roles in the liver. Thereby, nuclear FTH suggests an important role of iron for the activation of nuclear enzymes, which are involved in DNA synthesis and repair, and also in the modulation and initiation of transcription [38] .
Spleen does not accumulate iron in acute liver damage
We also sought to study the functions of the spleen in iron metabolism after TAA-induced hepatocellular damage. The spleen represents a major organ of the reticuloendothelial system, and is responsible for the uptake and clearing of corpuscular matter from the blood circulation. In contrast to liver, we could not detect increased iron levels in the spleen, neither at early time points nor during the period of most severe liver damage. Only after 96 h, a mild but significant increase was noted. Although iron is supposed to be sequestered in the cells of the reticuloendothelial system we assume that under acute-phase conditions most of the serum iron is taken up by 'stressed' hepatocytes [15, 20] . Although our direct iron staining in liver tissue was hardly successful, two significant findings support our assumption: Ⅰ) the increase of ferritins in hepatocytes, and Ⅱ) the lack of increase of splenic iron concentrations when liver iron is increased.
Acute-phase reaction can be subdivided into early and late stages TAA administration induces an acute-phase reaction in the liver, which starts very early [39, 40] . Thereby, liver macrophages obviously act as a first-line defense barrier. Inhibition of macrophages has been reported to aggravate liver damage in the rat model [41] . We and others have shown that liver macrophages are the first source of acute-phase mediators, e.g., when toxins like CCl4 [42] , acetaminophen [43] , corpuscular matter, gadolinium or zymosan [44] , and the bacterial polysaccharide (LPS) [18] are used to induce an acutephase response in liver. At the same time, a massive production of chemoattractants is induced by the toxins in cells of the portal vessels and the portal fields, which may account for the recruitment of inflammatory cells and for hepatocellular damage [26] . We assume that hepatocytes "spared" from this damage take over the functions of damaged cells and maintain the acutephase response. This may explain why we observed changes in the synthesis of ferritins after liver damage, which are similar to those in the liver when the tissue damage takes place in extrahepatic sites [17] . The hypothesis is further supported by the detection of FTH and increased levels of FTL in serum, and in non-damaged areas of the liver. Thereby, although histological examinations of the liver indicate complete recovery 96 h after TAA administration, the increased iron and ferritin concentrations suggest that this is not yet the case.
In conclusion, our results show that damaging noxae like TAA induce a hepatic acute-phase reaction before and during the appearance of acute hepatocellular damage. Iron is taken up by the surviving (spared) liver cells during the phases of damage and recovery. Iron released into serum by damaged cells may be transported to and stored in liver cells via FTL and FTH. Moreover, FTL is not only a marker of iron deposition but also a potential clinical marker for both acute and "chronic" liver damage, as it is not only a component of the iron "cage" within the tissue, but also a secretory protein in response to locally produced acute-phase cytokines.
COMMENTS
Background
The liver has a pivotal role in the homeostasis of iron under physiological conditions, including its storage and distribution to various organs according to their actual needs. The liver also has a central role in iron metabolism during the acute-phase reaction following tissue damage in extra-hepatic organs. Under these conditions, liver does not only increase its iron uptake, but also synthesizes the major iron-transport proteins ferritin (FT) and transferrin, in addition to lipocalin-2, lactoferrin and hepcidin, which are acute-phase proteins involved in systemic and local iron metabolism. Changes of iron metabolism induced by directly liver-damaging noxae like viruses, alcohol, and xenobiotics still need to be investigated.
Research frontiers
The authors provide evidence that the increase in liver iron concentrations after acute liver damage may be rather the consequence than the cause of hepatocyte loss; and that ferritin heavy chain (FTH) is a surrogate marker for hepatocyte damage in serum.
Innovations and breakthroughs
They results show that liver damage by thioacetamide induces a hepatic acute-phase reaction, as seen by early upregulation of cytokines followed by morphologically visible acute hepatocellular damage. Iron is taken up by the surviving (spared) hepatocytes during the phases of damage and recovery. Iron released into serum by dying cells is obviously transported back and stored in liver cells via FTL and FTH.
Applications
The current study increases our understanding of hyperferritinemia and hypersideremia associated with hepatic iron-overload found in non-alcoholic fatty liver disease, non-alcoholic steato-hepatitis, alcoholic liver disease, and chronic hepatitis-C. Moreover, we show that FTL is not only a marker for iron deposition, but also a potential clinical marker for both acute and chronic liver damage, as it is not only a component of the iron 'cage' within the tissue, but also a secreted protein in response to locally produced acute-phase cytokines.
Terminology
Ferritin is an intracellular protein, mainly functioning as an iron storage protein.
It is made up of two subunits known as FTH and FTL. The two subunits are highly conserved, but independently and differently regulated both at transcriptional and posttranscriptional levels.
Peer-review
Article "Reabsorption of iron into acutely damaged rat liver: a role for ferritins" by Malik et al according to my opinion, is acceptable for publication without additional revision. This article is very interesting for persons involved in the field of hepatology This basic study try to explain what's happened with the iron during acute liver injury.
